Introduction
phosphorus deposition (Camarero & Catalan, 2012) and pesticides (Rawn et al., 2001) . 73 Finally, changes in climate teleconnection patterns such as the North Atlantic Oscillation 74 (NAO) can alter influx of precipitation which in turn influences the input of terrestrial 75 (dissolved organic carbon) DOC to lakes (Monteith et al., 2007) . Given this range of 76 potential stressors (Maberly & Elliott, 2012) , it is unclear whether upland forest plantations 77 may exert unique measurable effects on algae even though plantation effects are possible. 78 Local disturbance of afforested catchments may include ploughing and planting, 79 which together enhance the release of DOC and POC (particulate organic carbon) into lakes. 80 These influxes may reduce light penetration and limit production (Karlsson et al., 2009) . 81 Alternatively, the input of DOC may stimulate mixotrophic algae which obtain energy and 82 nutrition both from phototrophic and phagotrophic heterotrophy (Jones, 2000, Sparber et al., 83 2015). Influx of allochthonous materials from forestry (e.g. eroded silt) may disturb primary 84 production by providing energy to zooplankton and consequent food-web interactions within 85 the lake (Girvan & Foy, 2006) . Further, fertilisation of coniferous plantations with 86 phosphorus can cause eutrophication leading to cyanobacterial blooms (Gibson, 1976) . 87 Macrophytes may decline over decades due to increased water colour following timber 88 harvest due to soil disturbance and breakdown of brash, releasing DOC in to lakes 89 (McElarney et al., 2010) . Additionally, clearcut can cause changes in physical lake mixing, 90 with increased wind access to lake surfaces altering thermal regimes, water column mixing 91 and deep-water oxygen status (Scully et al., 2000) . In principle, shifts in treeline position can 92 also influence nitrogen availability in lakes (Bunting et al., 2010) , while terrestrial subsidies 93 of allochthonous carbon to lakes can have wide-reaching trophic effects in lentic ecosystems 94 (Cole et al., 2011) . However, despite clear effects of forest planting, felling and fertilisation 95 on lake biogeochemistry, little is known of how primary producer communities have been 96 altered in upland lakes. Such effects in landscapes where lakes are abundant, as in Ireland, 97 have the potential to influence regional carbon fluxes (Cole et al., 2007) . 98 To explore how forestry plantations might influence upland lake ecology, we 99 compared records of forest planting, felling and extent of forest cover with changes in 100 pigment biomarkers (chlorophyll, carotenoids) from algae and cyanobacteria, as well as 101 geochemical proxies of carbon (δ 13 
Materials and Methods

112
Study area and forestry records 113 The study region is located in upland moorland areas in the north-west of Ireland across the 114 Republic of Ireland (ROI) and Northern Ireland (NI), which together have a temperate, 115 oceanic climate that has allowed extensive areas of blanket bog to develop (Figure 1 ). ) , total phosphorus (TP), dissolved organic carbon (DOC), total oxidised nitrogen (TON). For the four lakes in the ROI catchment geology was determined using the Geological Survey of Ireland 1:10000 Bedrock Geology GIS layer while catchment soil types were based on the National Soils Map of Ireland 1:50000 Irish Forest Soils GIS layer (Fealy et al., 2009) . For the two lakes in NI the maps of the Northern Ireland Soil Survey (1:50000) and Geological Survey of Northern Ireland (1:63360) were used (Cruickshank, 1997). soil N stimulated by ploughing and precipitation inputs (Miller, 1981) . In the studied lake 160 catchments, fertiliser N was not applied until after the forest canopy had closed, usually 12+ 161 years after planting with the precise time interval being operationally determined and 162 influenced by the N content of the soil. Nitrogen was applied from the air typically as urea 163 pellets. Although the closed canopy and high biomass of trees exert a high demand for N, 164 direct contamination of surface waters within the forested area can occur (Gibson, 1976) . proportional increase was most evident at >50% of catchment planted (Fig. 2) . planting in these three heavily impacted catchments (Fig. 3a-c) , while UVR pigments were 316 absent from Crockacleaven or Lettercraffroe (Fig. 2a,b ), but increased in Anarry sediments 317 after ~1800 until the initial forestry planting (Fig. 3c) .
318
Algal communities were less significantly affected by catchment afforestation in the 319 three remaining lakes where forest plantations accounted for <20% of catchment area ( Fig.   320 3d-f). Carrownabanny, Fadd and Afurnagh all featured variable pigment profiles and UVR indices both before and after forest planting (Fig 3d-f changes of similar magnitude to forestry had precedent in the past (Fig. 3f , S. Table 2 ).
330
Fossil pigment concentrations varied considerably through time in most lakes prior to 331 forest planting within the 20 th century (Fig. 3) . For example, in Lettercraffroe, there was a 332 gradual decline in diatoxanthin (diatoms) from ~1700 to ~2000, with pulses of β-carotene 333 (total algae) throughout the 1700s and ~1900 (Fig 3b) . In contrast, Crockacleaven exhibited 334 contemporaneous peaks of diatoxanthin (mainly diatoms) and β-carotene between ~1900 and 335 ~1950 (Fig. 3a) , whereas Anarry featured a gradual increase in all pigments from the start of 336 the record prior to 1963 planting (Fig. 3c) . Fossil pigments in Carrownabanny and Afurnagh 337 fluctuated considerably throughout their records (Fig. 3d,e) with marked declines in Fadd 338 between ~1860 and ~1910 followed by an increase in alloxanthin pigment peaking around 339 ~1940 (Fig. 3f) .
340
Geochemistry
341
Geochemical and isotopic proxies suggest that afforestation resulted in changes in the 342 character and provenance of sedimentary carbon in lakes with greatest forest cover (Fig. 4) .
343
For example, sedimentary C/N ratios declined following initial tree planting in lakes 344 with >50% of catchment forest cover (Fig. 4a-c) , while trends were less marked in Fadd (4e) (6% afforestation) and declined before planting in Anarry (57% afforestation) and Afurnagh 346 (4% afforestation) (Fig. 4c, f (1965 ( , CI 1958 ( -1971 were all clearly coincident with tree planting (all p<0.001) (Fig. 4b, S. 351 Table 1 ). However, in Crockacleaven no breakpoints were perfectly coincident with planting; 352 rather the breakpoint for C/N was slightly after planting (1980 ( , 95% CI 1974 ( -1985 , while in (Fig. 6) . recorded a decline in C content prior to the planting of the forests (Fig. 4c,d,f) . Similarly,
394
C/N ratios declined and δ
13
C values increased in Anarry, Carrownabanny and Afurnagh well 395 before planting (Fig. 4c,d,f) . Across Carrownabanny, Fadd and Afurnagh, no breakpoints 396 were coincident with planting and only the change in δ 13 C in Carrownabanny was coincident 397 with felling (1998, 95% CI 1978-1998) ( Fig. 4d-f ; S. Table 2 ). In Fadd, a sharp decline in 398 carbon content, C/N ratios and an increase in δ 13 C values occurred ~1890, followed by a 399 return to previous levels by ~1940 (Fig. 4e) . Similarly, temporal variation in δ 13 C and δ 15 N 400 values was generally lower in the 19 th century than during the 20 th century.
Discussion
402
In lakes where forestry exceeded 50% of the catchment land cover, the timing of algal While it is possible that precipitation-derived increases in DOC runoff may also occur in 456 these lakes (Monteith et al., 2007) , the asynchronous timing of cryptophyte expansion argues 457 against a coherent regional driver of algal community change.
458
Other controls of algal abundance recovery (Battarbee et al., 1990 , Jones et al., 1993 , Flower et al., 1994 (Fig. 3e) . Additionally, catchment to lake area ratios ( 
